ANESTHETIC SUBSTANCES, in suitable concentrations, depress certain functions of the central nervous system, while leaving relatively unimpaired the capacity for activity in sensory nerve endings, peripheral nerve fibers, and various effector organs. In order to explain this selective action on the central nervous system it is usually assumed that synaptic mechanisms are more readily modified by anesthetics than are conduction or excitation in peripheral nerves and end-organs.
Little is known, however, about the reasons for such an important sensitivity of synapses to anesthetic agents. It is accordingly our purpose in the present paper to describe the effects of a number of anesthetics on a simple synaptic system and to discuss some possible reasons for the differing degrees of selective action exhibited by different agents.
Experiments were performed on synapses and fibers of mammalian sympathetic ganglia. The synapses of these ganglia are sensitive to anesthetic agents, some of which depress transmission in concentrations as low as those occurring in the blood during surgical anesthesia (Table 1 and (21)). Moreover, sympathetic ganglia, because of their simplicity, have certain advantages over the central nervous system for a precise study of the effects of changes in chemical environment.
Fibers entering a ganglion over preganglionic nerves make synaptic contacts with nerve cells whose axons leave over postganglionic nerves: there are no internuncial neurones. By sui section a ganglion can be isolated from the rest of the nervous table ner ve system, so that activity in the presynaptic and postsynaptic neurones can be controlled. Finally, to permit application of chemical agents in known concentration, the capacity of ganglion cells to respond to presynaptic impulses can be preserved for long periods by pIerfusing with artificial solutions or by bathing a ganglion with oxygenated fluid after removal from the body. 
METHODS
The particular sympathetic ganglion which we have employed most extensivelythe stellate ganglion of the cat-offers special advantages for the study of selective action on synaptic processes. In addition to axons which terminate in synaptic contact with the ganglion cells, other axons which enter the ganglion traverse it without synapse, leaving by a separate nerve (Fig. 1) . Thus accurate comparisons can be made of the effects of an and about 1 cm. of preganglionic nerve (the cervical sympathetic trunk).
STIMULATE S T E L L A T E GANGLI ON MYELI NATED P R E S Y N A P T I C F I B E R S A N D MYELI NATED D I R E C T F I B E R S
The preparation was mounted on platinum electrodes, which permitted stimulation of the preganglionic fibers and recording of the action potentials of both the preganglionic and postganglionic nerves (Fig. 2 ). For application of experimental agents and to supply glucose to the tissues, the preparation, mounted on the electrodes, was immersed in 20 cc. of solution in a test tube which was supported in a small temperature bath (34-36°C 
RESULTS

Effects of anesthetics on nerve fibers
In the next section of this paper it will be shown that certain anesthetics block transmission over synaptic pathways through the cat's stellate ganglion in concentrations lower than those required to block conduction over axons which pass through the ganglion without synapse. This could result from a selective action not only on some structures associated with synapses, such as presynaptic fiber terminations or postsynaptic cell bodies, but alternatively on unmyelinated fibers, which occur only in the synaptic pathways (cf. fibers with smaZZ myelinated fibers like those which traverse the stellate ganglion w:ithout synapse. We therefore chose to examine the cervical vagosympathetic trunk of the cat. The sympathetic nerve portion of this trunk contains extensions of the same small myelinated fibers which traverse the stellate ganglion; the vagus nerve portion contains additional myelinated fibers conducting at the same velocity as the sympathetic fibers and also numerous unmyelinated type C fibers (Fig. 3, left) . Incidental measurements on some faster (type A) fibers in the vagus nerve are included in our illustrations, although these data are less relevant to the synaptic studies. stimulation and recording (Fig. 3, right) . The solution had the same composition as that used in perfusing the stellate ganglion, except that the gelatin was omitted.
A typical experiment with ether and chloroform is presented graphically in Fig. 4A made by Bulbring and Larrabee (4) in order to compare the small myelinated fibers of the rabbit's cervical sympathetic trunk with the unmyelinated fibers which are abundant in this nerve (cf. 13).
We may therefore summarize our findings by stating that unmyelinated fibers of the autonomic nervous system were not blocked more readily by any of the anesthetics investigated than were small myelinated fibers such as those in preganglionic nerves. There were in fact no differences which we consider significant between the sensitivities of any of the various fiber types investigated.
Selective action on synaptic transmission Sodium pentobarbital (Nembutal).
Among those anesthetics which we have studied, sodium pentobarbital had the most highly selective action on synaptic transmission through a sympathetic ganglion. The number of ganglion cells responding to a volley of presynaptic impulses was reduced by this substance in a concentration about one-tenth of that required to block conduction over a corresponding number of axons. In observations on the stellate ganglion of the cat, for example, a ten-fold difference was found between the concentrations required to cause 50 per cent reductions in heights of action potentials recorded from the inferior cardiac nerve on the one hand and from the cervical sympathetic nerve on the other, in response to stimulation of the preganglionic nerve (cf. Fig. 1 ). An illustration of the selective action of pentobarbital is shown in Figure  6A . A concentration as low as 0.25 mM prevented many of the ganglion cells from responding to a volley of presynaptic impulses. When the concentration was raised to 0.
In order to determine the site at which pentobarbital must act in-order to produce its selective effect, separate analysis is required of the two experimental preparations which we have employed. In the stellate ganglion of the cat it is coxlceivable that a chemical might block the synaptic pathway selectively by affecting conduction along the course of postsynaptic axons, for example, while sparing the direct fibers. This possibility must be recognized, because example there are known differences between these two sets of fibers, for in conduction velocity and degree of myelination (Methods and Fig. 1 ). However, it has been shown in the preceding section that there no important differences between the concentrations of pentobarbital are required to prevent conduction along the various categories of fibers found within the stellate ganglion. Therefore, the observed selective action cannot be due to block of particular fibers. In the superior cervical ganglion of the rat, questions concerning different fiber types do not arise, since the preganglionic as well as the postganglionic fibers are unmyelinated (cf. Methods). Thus there is no evidence of a structural or functional difference between the preganglionic and postganglionic axons in the rat which might explain selective obliteration of the postganglionic response. We are therefore forced to conclude, from observations both on the cat and on the rat, that selective block of the postsynaptic response by pentobarbital originates in one or more of the special structures found in synaptic regions, such as the terminal portions of the presynaptic fibers or the body or dendrites of the ganglion cells.
It might be supposed that this selective action results from differences in the time required to impair function in the various neuronal structures. For example, the observations presented in Figure 6A leave open the possibility that 0.5 mM pentobarbital would have blocked axonal conduction eventually, if only sufficient time had been allowed. Evidence that this was not the case appears in Figure 6B . In this experiment pentobarbital was first applied in a concentration of 5 mM, which sufficed to block both pathways through the ganglion. It was then necessary to lower the concentration only to 2 mM in order to restore conduction over direct fibers. Thus the failure of weaker solutions to block axonal conduction cannot be ascribed to delay in taking effect. As the concentration was further reduced in Figure  6B , synaptic transmission began to recover at 0.2 mM, in good agreement with the observations of Figure 6A . From these results we may conclude that sufficient time has been allowed for the anesthetic to reach approximatelv J CHLORETONE final concentrations within the tissues. Thus the selective action on synaptic transmission is a steady-state or equilibrium phenomenon. Chloretone, chloroform, ether, and n-octyl alcohol were also found capable of selectively depressing synaptic transmission through the stellate ganglion of the cat. For all these substances the selective depression, like that of pentobarbital, appeared to be an enduring rather than a transient effect. Illustrative data are presented in Figure 7 . The selective action of ether (not illustrated) was such that the concentration required to halve the action MARTIN G. LARRABEE AND JEAN M. POSTERNAK potential of direct fibers was about three times that which halved the postsynaptic response. Control observations on nerve trunks, presented in an earlier section of this paper, showed that none of these substances blocked conduction along unmyelinated fibers more readily than along small myelinated fibers. Thus their selective action, like that of pentobarbital, must result from an effect on one or more structures in the synaptic regions. Cocaine also depressed the postsynaptic response selectively. The ratio of concentrations required for equal effect on axonal conduction and on synaptic transmission was about 3 to 1 in the rat ganglion, smaller in the cat preparation ( Table 2 ). The selective action in each species was probably due to an effect on synaptic structures, for there was no selective block of unmyelinated fibers compared to small myelinated fibers in one experiment in which cocaine was tested on the vago-sympathetic trunk of a cat.
-_ Table 2 . Cocaine (M"oZecuZar weight =303.4)
Concentrations which halved height of
Repetitive stimulation. In studying the rat ganglion, it was observed that the selective action of pentobarbital could be accentuated by repetitive stimulation. The middle record of Figure 6C shows how the heights of the successive postsynaptic potentials declined during rapidly repeated activity in the presence of 0.3 mM pentobarbital, while the presynaptic spike potentials remained relatively constant. Similar declines in repetitive postsynaptic responses are caused by anesthetics in naturally circulated sympathetic ganglia of animals anesthetized with ether and chloroform (21) , and in the afferent pathways to the cerebral cortex (14, 22, 26, 27) .
These are significant observations, since natural activity in the nervous system is characteristically repetitive.
However, this important relationship between the effects of anesthetics and frequency of activity remains relatively unexplored in simple synaptic systems.
Substances lacking selective action on sympathetic synapses
In contrast with the anesthetics discussed in the preceding section, a number of substances were found which had no selective action on the synapses in a sympathetic ganglion. These included the anesthetic urethane and certain alcohols. Some of these substances not only failed to depress the synaptic pathway selectively, but in certain concentrations actually appeared to have an inverse effect: the action potential of the direct fibers was reduced more than that recorded from postsynaptic axons. One interpreta- A. An experiment on the perfused stellate ganglion of the cat, ordinates as in Fig. 6 . B and C show records from the excised superior cervical ganglion of rat. Pre-and postganglionic potentials can be identified as in Fig. 2 Which of these explanations, or of others not enumerated, may account for the greater depression of the action potential after nonsynaptic conduction, cannot be generally stated at present. The effect is small, however, and should not obscure a significant observation: namely, that certain agents fail to depress synapses in a sympathetic ganglion more readily than axons. Urethane was one of the substances which had no selective blocking action on sympathetic synapses (Fig. 8) duction over the direct fibers in concentrations lower than those in which they affected transmission over the synaptic pathway (Fig. 9, left) . There was some evidence in the case of these substances that the sparing of the synaptic pathway may have been due to a partial masking of a depressant effect by a concurrent facilitating action at the synapses, as suggested above. In most of our experiments the testing volleys of preganglionic impulses entered over large numbers of preganglionic fibers which presumably sufficed to discharge most or all of the ganglion cells. Under these conditions facilitation of synaptic excitation could not be revealed by a significant increase in number bf cells responding. In a few observations, however, testing impulses were ini,tiated in a smaller number of preganglionic fibers. Under these conditions a transient facilitating action of low concentrations of ethyl alcohol was clearly demonstrated (Fig. 9, right) . Other investigators have reported that ethyl alcohol causes potentiation of muscular twitches (11, 31) and increased excitability of nerve fibers (9) . As this substance is a depolarizing agent (15, 28) , an increase of nerve excitability could be due to a slight lowering of membrane potential; a similar change may occur in ganglion cells. increased. Such a regular increase of potency within an homologous series of narcotics has frequently been reported for various cellular systems (summarized by Hijber (20) and by Brink and Posternak (1)). In addition it can be seen in the present experiments that the required concentration decreases a little more rapidly for depression of the synaptic pathway than for depression of simple axonal conduction. This is the basis for varying degree of selective action.
The degree of selective action can be expressed by the ratio: This ra creased tio is represen progressively ted in Figure 1lB . I with molecular size.
t shows how selective a .ction . inButyl alcohol affected the two pathways equally.
Synaptic transmission was selectively depressed by higher alcohols and selectively spared by lower alcohols.
Correlations with physical properties Thermodynamic activities. A useful way of expressing the amount of a substance required to produce depression is in terms of thermodynamic activity instead of molar concentration (1,lO). For this purpose the thermodynamic activity of a substance in dilute solution may be assumed to equal the partial pressure of the substance in a vapor phase in equilibrium with the solution, divided by the vapor pressure of the pure substance. This measure of concentration has, at equilibrium, the same value throughout all penetrable phases of the system, intracellular as well as extracellular. The relatively constant value of the thermodynamic activity of alcohol solutions with equal effects on structures in sympathetic ganglia is shown in Figure 1lC . The activities, calculated from the physical data of J. A. V. Butler and his colleagues according to methods previously described (1) , are plotted against the number of carbon atoms. All the alcohols depressed synaptic transmission when present in approximately equal thermodynamic activities: there was if anything a slight decline in required activity along the homologous series. Individual activities differed by a ratio of less than 2.6 to 1, whereas the molar concentrations for the same substances differed by nearly 19,000 to 1. For the direct fibers, on the other hand, there was a welldefined increase in required thermodynamic activity along the homologous series. Individual activities differed by a ratio of 13 to 1; even this ratio was small, however, compared with the more than 1,800 to 1 variation in molar concentration.
It was also found that the thermodynamic activities for chloroform and ethyl ether were similar to those of alcohols for effect on ganglionic structures
(1). The above observations illustrate that thermodynamic activities required for equal depressant effects varied much less from one substance to another than did the corresponding molar concentrations. In addition, these observations offer a simple way of describing those differences between anesthetics which resulted in differences in degree of selective action. As the carbon-atom chain of the alcohols was lengthened, the activities required to depress the synaptic pathway declined slightly, while there was a welldefined increase in activities required for interference with axonal conduction. Thus differences in degree of selective action resulted principally from differ-MARTIN G. LARRABEE AND JEAN M. POSTERNAK ences in the thermodynamic activities required to interrupt axonal conduction.
MoZecuZar weight. The observations just described on normal alcohols indicate the value of comparing the effectiveness of various anesthetics with the physical characteristics of the molecules. To see whether a similar comparison might be extended to other substances which are in no sense homologous, we have sought correlations between their effectiveness as depressants and their various physical properties. The results of one such comparison, in this case with the molecular weight, are shown in Figure 12 .
In part A of Figure 12 it can be seen that, for effects on a sympathetic ganglion, higher concentrations were generally required of substances with low molecular weight than of substances with high molecular weight. This graph, moreover, shows that all substances wltn pronounced selective action on synaptic transmission were of high molecular weight. The latter relationship is shown more clearly in part B of Figure 12 , in which the degree of selective action, calculated as defined above, is plotted against the molecular weight. A further corollary of the two relationships shown in Figure 12A and B is that those substances with greatest selective action on synapses were all among those which acted in lowest millimolar concentrations ( Fig.   13 ) .
Although it was thus true that all anesthetics with highly selective action were of high molecular weight, it did not follow conversely that all large anesthetic molecules were highly selective. For example, cocaine, which was the largest molecule investigated, did not have a correspondingly great preferential action ( (e.g., 18, 19) . By contrast, most of the alcohols which we have studied have been shown to produce general narcosis (reviewed by von Oettingen, 32); our other observations are all on substances whose abilities to cause general anesthesia are well-known.
In addition, cocaine is the only substance included in our studies which is an alkaloid and the only one which is known to be highly ionized at the pH of our bathing fluid (23). For these reasons it has been omitted from the correlations of selective actions presented in Figures 12B and 13, MARTIN G. LARRABEE AND JEAN M. POSTERNAK It is not obvious why the depressant properties of the substances studied should be related to the molecular weight; many exceptions to this relationship might well be found if enough substances were investigated. T. C. Butler (5) has recently emphasized the importance of examining compounds which represent a broad range of chemical structures in seeking correlations with physical properties. It is likely that the important variable in determining the degree of selective action is not molecular weight itself, but possibly some other property related to it. This could be, for example, the activity coefficient (1)) an appropriate distribution coefficient, adsorbability on interfaces, or some one of the other properties previously proposed in various theories of narcosis (cf. recent reviews by Hober (20) In the first place, the concentration of an anesthetic required to block axons was never enormously greater than that required to block synapses: the ratio of concentrations never exceeded about 10 to 1. This emphasizes the fact that several portions of a nerve cell can be depressed by an anesthetic, and that the greater sensitivity of synaptic functions is only relative. Certain synapses in the central nervous system may of course be somewhat more sensitive than those in sympathetic ganglia, but the differences cannot in general be very great, as indicated in the introduction to this paper. Some substances exhibit much higher selective action, at least on sympathetic synapses, than do the anesthetics. One such substance is nicotine. This agent completely blocked synaptic transmission through the excised superior cervical ganglion of the rat in a concentration of 0.01 millimol per liter: even at 100 times this concentration it failed to block conduction along any of the preganglionic nerve fibers, or along any of the myelinated or unmyelinated fibers in the vagus nerve (Table 3) . Thus the selective action of nicotine exceeded that of any anesthetic tested by at least another factor of 10, and possibly by much more. Accordingly the capacity of anesthetics for selective action, important though it must be, is not impressive when compared with other pharmacological agents.
II In attempting
to explain selective depression of synaptic functions, two general hypotheses may be advanced. (i) One hypothesis proposes that selective agents act in lower concentrations on synaptic structures than they do on axons. Thus certain functional properties of presynaptic endings or of postsynaptic cell bodies and dendrites may be particularly sensitive to the effects of certain anesthetics.
(ii) Alternatively, one may suppose that a selective agent acts by depressing some property, such as irritability, equally for all neuronal structures. Selective action may nevertheless result if transynaptic excitation is prevented by a smaller change than is conduction along axons.
In the absence of direct evidence for special sensitivity of some synaptic structure to the effect of selective anesthetic agents, it is of interest to inquire whether our observations can be accounted for by assuming uniform effects on all structures concerned, in accordance with the second hypothesis We have accordingly considered the consequences of assuming that the sole action of an anesthetic is to produce equal depressions in the irritabilities of axons and of the synaptically receptive areas of postsynaptic cells.
In evaluating this hypothesis, it should first be recalled that the "factorof-safety" in conduction along a nerve fiber is known to be considerable: in order to block conduction the irritability must therefore be substantially reduced. This would require a certain concentration of an anesthetic. On the other hand, it is known that at a synapse a nerve cell may receive excitation which is only slightly above threshold; therefore transynaptic excitation of a cell may be prevented by only a small reduction of irritability. In accordance with the hypothesis of uniform effects on irritability, this would be achieved by a smaller concentration of the agent than that which blocks axonal conduction. These arguments thus illustrate the possibility of accounting for selective block of transynaptic excitation without assuming an action on synaptic structures which differs in any way from the action on other portions of the neurone. This is possible because various structures may be expected to tolerate different degrees of depression of irritability before their physiological functions are impeded. Extensions of this hypothesis of uniform depression of irritability have permitted plausible explanations of the quantitative differences between the selective actions of different agents. (One such extension is to assume that irritability drops most precipitously with increasing concentration of those agents which have least selective action: this would tend to bring the concentrations for synaptic and axonal block closest together for substances which are relatively unselective.) However, the arguments involved in such an accounting so far lack experimental verification and certainly fail to consider every conceivable possibility.
Since they also defy brief presentation, it is undesirable to describe them fully here. One general conclusion from our theoretical considerations deserves final emphasis: although selective action of a single agent can be accounted for on very simple assumptions, additional hypotheses are needed to explain the differences in degree of selective action achieved by various substances. These quantitative differences between constitute a fundamental characteristic must therefore understood.
III
the effects of various a .gents thus of selective ac tion. The differences be explained before anesthetic mechanisms can be thoroughly
SUMMARY
The concentrations of various anesthetics and other substances required to block synaptic excitation of sympathetic ganglion cells were compared with concentrations required to block conduction along sympathetic nerve fibers. Observations were made on perfused stellate ganglia, excised thoracic and cervical sympathetic nerves, and excised vagus nerves of cats; and on excised superior cervical ganglia and cervical sympathetic trunks of rats and rabbits. Impulses were initiated by supramaximal electric stimuli and the resultant action potentials recorded.
Chlo:retone, chloroform, ether, and sodium pentobarbital (Nembutal) depressed synaptic transmission through a sympathetic ganglion in concentrations similar to those known or assumed to exist in the blood during surgical anesthesia, while ethyl alcohol and urethane required higher concentrations.
There were no important differences between concentrations of anesthetics required to block conduction along autonomic nerve fibers of different types (A, B and C). This was observed with chloretone, chloroform, ether, pentobarbital, and ethyl alcohol. Each of these agents, however, depressed synaptic transmission more readily than conduction along any type of axon. This was shown by the observation that postsynaptic nerve action potentials evoked by presynaptic nerve impulses were reduced by concentrations lower than those required for similar reduction of action potentials after conduction along a nerve trunk. This selective action on synaptic processes was exhibited in varying degrees by the substances just enumerated and by cocaine, amyl alcohol and hexyl alcohol, but not by urethane or by methyl, ethyl, propyl, or butyl alcohols. Selective action of pentobarbital was accentuated during repetitive activity. Transient facilitation of synaptic excitation was observed with certain concentrations of methyl and ethyl alcohols.
Degree of selective action was measured quantitatively by the ratio of the concentration required to halve the height of action potential of impulses conducted along a nerve trunk to the concentration required to halve the height of the postsynaptic action potential. Selective action on synaptic processes was thus found to increase systematically as the carbon-atom chain was lengthened in alcohols, and tended to increase with molecular weight of most substances studied. The selective action never exceeded a factor of about 10 (observed with Pen .tobarbita .l) for any anesthetic or alcohol, although such as nicotine.
it could be much greater for other pharmacological agents, Molar concentrations for given degree of block of either synaptic transmission or axonal conduction decreased systematically with increase in molecular weight among the alcohols and tended to decrease similarly with molecular weight among most of the substances investigated.
The thermodynamic activities required for given effect differed very much less than molar concentration, at least among alcohols, ether, and chloroform. Further correlations and possible mechanisms of selective action are discussed in the text. It is concluded that selective action may result either from a specific effect of an anesthetic on synaptic processes or from the relatively small "factor-of-safety" in transynaptic excitation compared to axonal conduction.
